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We demonstrate the coherent control of nitrogen-vacancy (NV) spins using an electronic cir-
cuit integrated within diamond: a patterned, conductive boron-doped diamond (BDD) microwave
waveguide. First, we validate the high-frequency performance of the circuit by characterizing its
impedance up to the microwave range, confirming microwave transmission sufficient for optically
detected magnetic resonance (ODMR) and coherent Rabi control. Under ambient conditions, we
perform ODMR and observe Rabi oscillations driven by the heavily-doped BDD circuit. We ver-
ify that microwave-induced frequency shifts remain limited under the present operating conditions
at room temperature. In addition, separate high-pressure and low-temperature continuous-wave
ODMR measurements demonstrate that the BDD antenna remains operational as a microwave
delivery element in a high-pressure and low-temperature environment. These results indicate the
potential of BDD circuits for on-chip microwave delivery in NV-based quantum devices, particularly
for ODMR operation under extreme conditions.

Diamond is a versatile material capable of accommo-
dating various impurities that substantially alter its elec-
tronic, thermal, and optical properties. Among these,
boron doping is a well-known technique for transforming
diamond into a p-type semiconductor. With sufficient
doping, diamond can exhibit metallic behavior and su-
perconductivity at cryogenic temperatures [1–4]. Boron-
doped diamond (BDD) can be grown into thin films via
microwave plasma chemical vapor deposition, enabling
the development of advanced devices, such as super-
conducting quantum interference devices and microwave
components [5–8]. These BDD thin films support the
transmission of alternating electric currents across a
broad frequency range, thereby showing great potential
for use in electric circuits. With such unique electrical
and physical properties, BDD holds great promise for
cutting-edge applications in both power electronics [9–
11] and quantum technologies [12].

The negatively charged nitrogen-vacancy (NV)
center—a point defect in the diamond lattice—has
become a leading platform for quantum measurement,
owing to its unique properties [13–22]. One of its most
striking features is the ability to maintain coherent
spin control under extreme conditions: from ultrahigh
vacuum to pressures as high as 130 GPa [23–25] and
temperatures ranging from cryogenic to a blazing 1400 K
[26–29]. This capability enables NV-based magnetome-
try to become a powerful platform for exploring physical
phenomena under extreme conditions [24, 25, 30–33].
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These applications rely on the use of alternating elec-
tromagnetic fields across a broad frequency spectrum:
gigahertz microwaves for manipulating electronic spin
ground states [34], megahertz radio frequencies for
nuclear spin control [35–37], and kilohertz currents for
modulating electronic spin states [38, 39]. These fields
are generated using metal-based circuits made from
materials such as gold or copper, often layered atop
a thin titanium adhesive film. However, metal-based
microwave structures can present practical limitations
in certain environments, motivating the exploration
of alternative materials. Therefore, conductive BDD
provides an alternative material platform for microwave
circuits where mechanical and chemical robustness are
required.

In this letter, we demonstrate a diamond-compatible
integrated architecture in which an Ω-shaped BDD thin
film circuit serves as a broadband source of alternating
magnetic fields for coherent control of an ensemble of
NV centers in diamond. Our key findings are as follows:
(i) the impedance of the BDD thin films was accurately
modeled by a lumped parameter circuit model up to 3
GHz; (ii) BDD with high boron concentration generated
microwave fields with sufficient intensity to drive Rabi
oscillations, and (iii) microwave-induced frequency shifts
remain limited under the present operating conditions at
room temperature. In addition, to demonstrate the ap-
plicability of the BDD antenna under extreme conditions,
we performed ODMR measurements using the BDD an-
tenna under high-pressure and low-temperature condi-
tions below 20 K. These results demonstrate coherent
NV-spin control under ambient conditions and microwave
delivery under high-pressure and low-temperature condi-
tions. In the following sections, we provide details of our
experimental results and discuss the implications of this
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technology.

The BDD–NV hybrid system comprises an Ω-shaped
BDD circuit grown by masked microwave plasma chem-
ical vapor deposition on a diamond hosting a 4.5 ppm
ensemble of NV centers, as illustrated in Fig. 1. After
hot mixed acid treatment of the diamond surface, the
circuit pattern was prepared by electron-beam lithogra-
phy and a Ti/Au metal mask was formed by lift-off. The
masked substrate was annealed under vacuum to form a
TiC adhesion layer at the Ti/diamond interface, followed
by BDD growth using methane and trimethylboron as
the carbon and boron sources. The metal mask was then
removed by hot mixed acid treatment. By repeating this
process with different trimethylboron-to-methane flow-
rate ratios, three Ω-shaped BDD circuits with different
boron concentrations were fabricated on the same NV-
diamond substrate. The boron concentrations are deter-
mined via an analysis of the temperature dependence of
resistivity, as presented in Table I [2, 40]. The microwave
signal was delivered to the BDD circuits through a 50 Ω
printed circuit board and a 25-µm-diameter Au wire at-
tached with Ag paste. Further details are provided in
the Supplementary Material. Impedance measurements
further indicate that the BDD circuit can deliver mi-
crowaves to the NV centers. Although the circuit was
not optimized for 50 Ω, it generated a microwave mag-
netic field sufficient to drive MHz-scale Rabi oscillations
of the NV ensemble. Details of the electrical resistivity
and impedance measurements are provided in the Sup-
plemental Material. For the high-pressure experiments,
a separate diamond anvil was also patterned with a BDD
circuit using the same masked growth process, as shown
in the inset of Fig. 4(b). This BDD-patterned diamond
anvil was used as the microwave delivery element in the
diamond anvil cell.

The NV center possesses an electronic ground-state
triplet characterized by the states |0⟩ and |±1⟩, with a
separation of 2.87 GHz resulting from spin–spin interac-
tions. Additionally, the |±1⟩ states experience further
splitting due to the Zeeman effect when subjected to a
finite magnetic field B aligned with the NV axis of in-
terest. The energy levels corresponding to these spin
states can be analyzed via optically detected magnetic
resonance (ODMR) spectroscopy, which involves observ-
ing changes in the red fluorescence of the NV center as
the microwave field frequency matches the energy differ-
ence between the |0⟩ state and either of the |±1⟩ states
[41, 42]. The electrical conductivity of the BDD circuit
was confirmed by dc transport measurements, while its
high-frequency response and microwave-delivery capabil-
ity were evaluated by impedance measurements and co-
herent NV spin-control experiments. Experimental de-
tails are described in Supplemental Material.

First, continuous-wave (CW) ODMR and Rabi oscil-
lation measurements between the |0⟩ and |−1⟩ states
are performed using BDD-based Ω-shaped circuits un-
der a static magnetic field of 4.5 mT. Figs. 2a and b
show data collected near the centers of three BDD struc-
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FIG. 1. (a) (Top) Overview of BDD–NV system compris-
ing a Ω-shaped BDD circuit fabricated on a diamond sub-
strate containing an ensemble of NV centers. In this study,
we measured NV centers mainly inside the Ω area. Crystal
structure of BDD is shown in the left side. Structure of NV
center in diamond lattice is shown in the right side. N and
V denote nitrogen atom and vacancy, respectively. (Bottom)
Side view of BDD–NV system. A BDD thin film is grown
on a single-crystalline diamond containing NV centers. The
Ω-shaped BDD circuit hosts an alternating current at the mi-
crowave frequency range, generating an oscillating magnetic
field. This microwave field is used for manipulating the NV
centers in the diamond substrate. (b) Optical micrograph of
BDD circuit with boron concentration of 3×1021 cm−3. Scale
bar is 50 µm. (c) Scanning electron microscope image of an
edge of BDD thin film grown on single-crystalline diamond
substrate with NV centers. Scale bar is 10 µm. (d) Energy
diagram of NV center. The ground states can be excited opti-
cally by a 532 nm laser and decay along with spin-dependent
fluorescence. The spin state is manipulated by a microwave
magnetic field applied by a BDD circuit.

TABLE I. Parameters of BDD circuits. ρ and R. T. denote
resistivity and room temperature, respectively. Boron con-
centration is estimated based on the temperature dependence
of resistivity.

BDD1 BDD2 BDD3
ρ (Ω cm) at R. T. 9.8× 10−4 4.1× 10−3 5.8× 10−1

B concentration (cm−3) 3× 1021 4× 1020 1× 1020

Thickness (nm) 780 640 690

tures. The measured ODMR contrasts and FWHMs at
∼2.7 GHz are (0.8 ± 0.2)% and 4 ± 1 MHz (BDD1),
(0.9± 0.1)% and 4± 1 MHz (BDD2), and (0.20± 0.09)%
and 2 ± 1 MHz (BDD3), respectively. Rabi frequencies
were 6.62 ± 0.04 MHz for BDD1 and 4.19 ± 0.06 MHz
for BDD2 at a microwave input power of 46.5 dBm, con-
sistent with the impedance data indicating enhanced mi-
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crowave delivery in lower-resistivity samples. No Rabi
oscillation is observed in BDD3 owing to its high resis-
tivity. The definitions and estimation procedures for the
CW ODMR and Rabi contrasts are described in the Sup-
plementary Material. Although both the CW ODMR
and Rabi contrasts are modest under the present condi-
tions, they are likely dominated by non-optimized optical
initialization and readout conditions rather than insuffi-
cient microwave delivery. Moreover, Rabi oscillations in
BDD1 were measured at input powers of 646, 1310, and
1683 mW, as shown in Fig. 2c. The corresponding Rabi
frequencies are 6.83, 9.48, and 10.6 MHz, respectively.
These data are plotted in Fig. 2d, which shows the ex-
pected linear relationship between the square root of the
applied microwave power and Rabi frequency. Rabi os-
cillations were observed throughout the Ω-shaped BDD1
region, as shown in the Supplementary Material. In the
central approximately 50 µm × 50 µm region, the mea-
sured Rabi frequency showed a median value of 7.81 MHz
with a standard deviation of 0.49 MHz, corresponding to
a relative standard deviation of approximately 6%.

Laser
MW
Readout
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FIG. 2. (a) ODMR spectra measurement result using dif-
ferent BDDs with varied boron densities. The spectra are
offset by 0.015 for BDD2 and 0.03 for BDD3. (b) Rabi os-
cillations using different BDD circuits and the pulse sequence
used for Rabi measurement (inset). Rabi contrasts are off-
set by 0.02 for BDD2 and 0.04 for BDD3. These signals are
obtained at the center of each Ω-shaped circuit. Each spec-
trum is normalized by its respective maximum intensity. (c)
Rabi oscillations measured in BDD1 antenna at different in-
put powers: 646, 1310, and 1683 mW. The data are vertically
offset by 0.07 for 1310 mW and 0.14 for 1683 mW for clarity.
The corresponding Rabi frequencies at each input power were
6.83, 9.48, and 10.6 MHz, respectively. (d) Input microwave
power dependence of Rabi oscillation frequency. The result
shows Ω ∝

√
PMW.

To assess the thermal effects of the BDD microwave
antenna during NV spin control, we performed two mea-
surements: long-duration Rabi chevron mapping and off-
resonant microwave driving followed by Ramsey inter-
ferometry. Previous studies have shown that temper-

ature variations in the sample predominantly shift the
zero-field splitting (ZFS) of the NV center, affecting the
spin-state transition resonance frequencies [43]. Heating-
induced frequency shifts from metallic microwave anten-
nas have been previously reported [44].

To probe potential resonance shifts during rapid driv-
ing, we performed a full Rabi chevron measurement
(Fig. 3a), sweeping the microwave frequency from −25 to
+25 MHz around the resonance at 2.7405 GHz and the
microwave signal duration up to 1 µs in 10 ns steps. The
resulting chevron does not show the asymmetry expected
for a large thermally induced resonance shift, as illus-
trated by the simulation in the Supplemental Material.
The symmetric chevron pattern indicates that any ther-
mally induced resonance shift during the short-duration
Rabi experiment is not large enough to noticeably distort
the observed pattern under the present conditions.

Ramsey spectroscopy between the |0⟩ and |−1⟩ states
was employed to quantify temperature-induced shifts re-
sulting from off-resonant microwave driving with varied
power and duration. To resolve hyperfine-split Ramsey
fringes, the π/2 pulses were detuned by +3 MHz from
the NV resonance, while a 400 MHz-detuned microwave
pulse was applied to induce heating. Frequency shifts
in the Ramsey signal were recorded as a function of mi-
crowave power and pulse duration. The total microwave
energy E = P × t was varied by tuning both power
(via expected Rabi frequency) and duration, and the re-
sulting Ramsey frequency shifts were extracted using a
fast Fourier transform (FFT) analysis (See Supplemen-
tal Information for the more details). As the total in-
put energy increased, the Ramsey FFT peak shifted to
higher frequencies, capturing the negative shift in ZFS
with temperature rise (Fig. 3b). Notably, the maximum
frequency shift observed for a 10 µs microwave pulse du-
ration with an 11 MHz Rabi frequency is approximately
1 MHz, which corresponds to an estimated temperature
rise of approximately 14 K.

In the sequences considered here, we employed a Rabi
frequency on the order of 10 MHz, which results in a
spectral bandwidth of the same order. Consequently, the
thermally induced shift represents only ∼ 10% of the
excitation bandwidth, ensuring that the NV centers re-
main effectively driven within the spectral width of the
control pulse. Furthermore, the observed frequency shift
(∼1 MHz) is smaller than the hyperfine splitting induced
by NV host nuclear spins, such as 2.16 MHz (14N) or
3.03 MHz (15N) [45]. The frequency shift remains below
the hyperfine separation, so it does not qualitatively in-
crease cross-talk to adjacent hyperfine transitions. Thus,
under the present operating conditions, the measured
frequency shift is limited compared with the excitation
bandwidth used for coherent spin control. On the other
hand, the observed shift indicates measurable microwave-
induced heating under long off-resonant microwave expo-
sure.

To assess the operational robustness of the BDD an-
tenna under extreme conditions, we performed ODMR
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FIG. 3. (a) Rabi chevron measurement result using BDD1
antenna. Rabi oscillations are measured by sweeping the mi-
crowave frequency from −25 to +25 MHz and the microwave
signal duration up to 1 µs in 10 ns steps. P|0⟩ represents the
probability of preserving the initial state |0⟩. (b) Plot of fre-
quency shift as a function of the total applied energy, along
with the pulse sequence used for the measurement (inset).
To quantify the heating effect, the π/2 pulses in the Ramsey
sequence are detuned by +3 MHz from the NV resonance fre-
quency (blue box in the inset), and an additional microwave
pulse detuned by 400 MHz was applied before the Ramsey
sequence (orange box in the inset). The total energy, shown
on the horizontal axis, is calculated as E = P × t, where P
is the applied microwave power, and t is the pulse duration
(i.e., the width of the orange box). The legends indicate the
Rabi frequencies corresponding to each input power. A longer
heating time results in a larger frequency shift.

measurements in a diamond anvil cell using a BDD-
patterned diamond anvil. This high-pressure device is
distinct from the BDD–NV hybrid substrate used in the
ambient-pressure measurements described above. In the
high-pressure experiment, the BDD circuit was fabri-
cated on a diamond anvil and used as the microwave
delivery element, while a microdiamond with NV centers
was placed in the sample chamber, as described in the
Supplemental Material. To reduce possible systematic
effects associated with microwave-induced heating, the
ODMR spectra were acquired using alternating MW-off
and MW-on measurements, as illustrated in the inset of
Fig. 4a.

Figure 4a shows ODMR spectra measured below 20 K.
The pressure was changed in situ during the experiment.
We label the measurement points as P0–P9.

Starting from ambient pressure (P0), the pressure was
first increased to the highest-compression state (P1), and
then the sample chamber was gradually decompressed
back toward ambient pressure while ODMR spectra were
recorded at P2–P9. ODMR signals were observed at all
measurement points from P0 to P9, demonstrating that
the BDD-patterned diamond anvil remained functional
as a microwave delivery element throughout both com-
pression and decompression. The relatively low ODMR
contrast at P0 is attributed to the lower microwave input
power than that in P1–P9.

The evolution of the ZFS shift during compression and
decompression is shown in Fig. 4b. The maximum ZFS
shift observed in this experiment was approximately 220
MHz, which would correspond to approximately 15 GPa
if the pressure coefficient of 14.58 MHz/GPa is assumed

[46]. Importantly, ODMR signals were still observed after
decompression, indicating that the same BDD-patterned
anvil maintained electrical continuity after pressure load-
ing and pressure release and could be reused after clean-
ing. Thin metal films placed near the surface of the di-
amond anvil can suffer from deformation or breakage af-
ter pressure loading [47]. This result supports the me-
chanical robustness of the patterned BDD structure it-
self and highlights its potential as a diamond-compatible
microwave delivery element compared with conventional
metal thin-film structures.
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FIG. 4. High-pressure and low-temperature ODMR mea-
surements using a BDD-patterned diamond anvil. (a) CW
ODMR spectra of a microdiamond with NV centers measured
below 20 K in a diamond anvil cell. The measurement points
are labeled P0–P9. Starting from ambient pressure (P0), the
pressure was increased to the maximum pressure (P1) and
then gradually released while ODMR spectra were recorded
at P2–P9. The inset schematically shows the alternating
MW-off and MW-on measurement scheme used to acquire the
ODMR spectra. (b) Evolution of the ZFS shift during com-
pression and decompression. ODMR signals were observed
throughout both compression and decompression, indicating
that the BDD-patterned diamond anvil remained functional
as a microwave delivery element under high-pressure and low-
temperature conditions. The inset shows an optical image of
the BDD-patterned diamond anvil used in the high-pressure
ODMR measurements.

In this letter, we show that coherent control of NV
centers can be achieved using a BDD-based circuit un-
der ambient conditions. Together with the high-pressure
CW ODMR measurements using a BDD-patterned dia-
mond anvil, these results demonstrate the potential of
BDD circuits as diamond-compatible microwave delivery
elements for NV-based quantum sensing under extreme
conditions. The impedance behavior observed in our sys-
tem is well described by a parallel R–C circuit model
(See Supplemental Information for the more details), of-
fering a solid foundation for future improvements. One
direct route to enhance circuit efficiency is minimizing
the resistivity of the BDD material. Previous studies
have shown that boron concentration can reach up to
1 × 1022 cm−3 [48], pushing the Hall carrier concentra-
tion to similar levels. However, even with such ultra-high
doping, the reduction in resistivity is expected to be lim-
ited to a factor of approximately three compared to the
current devices. Therefore, to achieve substantial perfor-
mance gains, it is essential to combine high doping with
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structural optimizations. Strategies such as increasing
the BDD film thickness to reduce sheet resistance, or tun-
ing the dimensions of the current Ω-shaped loop, will be
crucial. Moreover, the applicability of BDD is not limited
to the simple loop design used in this study. In the field
of NV-based quantum sensing, various antenna architec-
tures have been developed such as coplanar waveguides
and split-ring resonators [49, 50]. Since our BDD fabri-
cation process is compatible with standard lithography,
these advanced geometries can be readily implemented
using BDD. Adopting such designs would allow the per-
formance of the BDD–NV hybrid system to be further
tailored to specific application needs, such as wider band-
widths or lower power consumption.

Employing BDD circuits for microwave delivery of-
fers several key advantages, particularly their exceptional
physical and chemical robustness, as well as their com-
patibility with integrated device architectures. BDD is
chemically stable across a wide pH range, rendering it
ideal for use in both acidic and alkaline environments; an
asset that has already proven valuable in electrochemical
applications [51, 52]. Moreover, it can withstand extreme
conditions, including high temperatures and pressures,
and remains reusable after returning to ambient condi-
tions [40, 53, 54]. Furthermore, BDD circuits can be
precisely microfabricated. By introducing insulating lay-
ers of undoped diamond between BDD elements, these
circuits can also be vertically stacked by depositing insu-
lating undoped diamond between them, enabling highly
compact and integrated device designs. This enables the
development of compact and resilient quantum sensors
that combine NV centers with BDD circuitry, present-
ing a promising avenue for quantum sensing in challeng-
ing environments such as industrial sites, deep-sea explo-
ration, and outer space [55].

We also examined whether the BDD omega loop af-
fects the spin properties of the NV ensemble. Spin re-
laxation and coherence measurements were performed at
representative positions in the sensing region, and the re-
sults are shown in the Supplementary Information. No
clear reduction in T1, T2, or T

∗
2 was observed in the mea-

sured region. Regarding crystallographic stress, quanti-
tative stress mapping was not performed in this study.
Because the BDD structure is a homoepitaxial layer on
diamond, the strain induced by BDD growth is expected
to originate mainly from the epitaxial strain near the
BDD/NV-diamond interface. Although local changes
near the interface cannot be completely excluded, the
present measurements indicate that the BDD structure
does not cause a clear degradation of the NV spin prop-
erties in the region used for the present measurements.

Although a direct comparison of heating effects with
Au/Cu metals is desirable, ensuring identical delivered

power is non-trivial due to the impedance mismatch;
thus, the microwave power generated by a signal genera-
tor is not a reliable proxy for the power actually delivered
to the device. Therefore, to benchmark the performance
practically, we evaluated the frequency shift as a proxy
for heating under both short microwave pulses and long
continuous microwave drives.

SUPPLEMENTARY MATERIAL

See the Supplementary Material for details of the ex-
perimental setup, the BDD fabrication process, elec-
trical resistivity and impedance measurements, AWG-
amplitude and microwave-power calibration, estimation
procedures for the CW ODMR and Rabi contrasts, spa-
tial Rabi-frequency mapping, Rabi-chevron simulations
under heating, Ramsey-based analysis of microwave-
induced frequency shifts, and spin relaxation and coher-
ence measurements.
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